Abstract: Studies on long-term exposure to foods/nutrients and its associations with fracture risk are scarce. Using data from the China Health and Nutrition Survey (CHNS), we determined the prospective association of dietary and nutrient patterns with fractures. Data from 15,572 adults aged ≥18 years were analyzed. Fracture occurrence was self-reported and dietary intake data were collected using a 24-h recall method for three consecutive days, for each individual across nine waves . We used cumulative and overall mean, recent and baseline dietary and nutrient exposures. Hazard ratios (HR) were used to determine the associations. Two dietary (traditional and modern) and two nutrient (plant-and animal-sourced) patterns were identified. After adjusting for potential confounders, study participants in the third tertiles (highest intake) of the modern dietary and animal-sourced nutrient patterns' cumulative scores had a 34% (HR = 1.34; 95% CI: 1.06-1.71) and 37% (HR = 1.37; 95% CI: 1.08-1.72) increase in fracture risks compared to those in the first tertiles, respectively. While the overall mean factor scores of dietary and nutrient patterns had a similar (or stronger) pattern of association as the cumulative scores, no association between recent and baseline scores and fracture was found. Greater adherence to a modern dietary and/or an animal-sourced nutrient pattern is associated with a higher risk of total fractures. This suggests that a modern animal based diet is related to bone fragility. A repeated three-day 24-h recall dietary assessment provides a stronger association with fracture compared to a recent or baseline exposure.
Introduction
Lifestyle and behavioral factors are associated with fracture risk [1, 2] . Of the lifestyle and behavioral factors, diet is of a particular significance [3] [4] [5] . Previous studies have generally focused on the associations between individual diets or nutrients with fractures [6] [7] [8] [9] [10] . This approach does not consider other food items or nutrients that could have a potential influence on fracture risk; and the interactions of food items or nutrients are ignored resulting in a biased (confounded) association with fracture risk. Realistically, people do not consume individual foods or nutrients but rather a mixture of foods with multiple nutrients. Furthermore, bone physiology is not dependent on individual nutrients, thus these combinations provide a further challenge for clinical and public health recommendations to improve bone strength.
Studies have shown inconsistent findings on the association between dietary patterns and fracture risks [4, [11] [12] [13] . In terms of nutrient patterns, to the best of our knowledge, with the exception of one study [14] , no other studies have investigated the association with fracture risks. A thorough investigation of an association between patterns of nutrient and food intakes over the long term, and fractures, is essential as bone is a complex structure composed of multiple nutrients. In addition, diet and/or nutrients that are associated with muscle mass or strength could also determine fracture risks [15] . Focusing on the overall dietary and nutrient patterns assists dietary counseling and recommendations for individuals and population groups and this approach can also detect a potential positive impact of minimal changes across foods or nutrients, rather than a major change in a few food or nutrient groups on health outcomes, which might result in a better compliance of dietary recommendations [16] . In this study, we aimed to assess prospective associations between long term dietary and nutrient patterns and fracture risk among adults (18 years and above) using the Chinese Health and Nutrition Survey (CHNS).
Materials and Methods

Study Design and Population
We used longitudinal data from the CHNS, which is an open prospective cohort study and represents nine provinces of China [17] . There were nine waves (two to three years apart) of data collection between 1989 and 2011. A multistage random-cluster sampling technique was used to select households in the study. All members of the selected households were eligible to be included in the study. Between 1989 and 2011, 35,703 study participants were involved in at least one study wave. After excluding those who were not eligible, the baseline sample was 15,572 ( Figure 1 ). The response rates based on those who participated in previous waves staying in the subsequent survey were around 88%. However, the response rate out of the participants included at baseline (1989) and remained in 2006 was more than 60% [18] . The CHNS was approved by the institutional review committees of the University of North Carolina (Chapel Hill, NC, USA) and the National Institute of Nutrition and Food Safety (Beijing, China). Prior to the survey, informed consent was obtained from all participants.
Outcome Variable
Fracture was self-reported in each wave by the study participants for a question "Have you ever had fracture?" along with age when the first fracture occurred. To determine the calendar year of fracture, first we calculated the difference between the current age (at the interview) and age at first fracture. Then, we subtracted the age differences (in years) from the respective calendar years or waves (when the interview was conducted). This provided us the calendar year of the first facture. We assumed that the date of fracture was on 1 July of each year. In a previous large cohort study, a self-reported assessment of lifetime fractures, along with age at fractures, was found to be a feasible method to establish incident cases [19] . We excluded those participants who had the first fractures before the first interview date for each wave (when dietary data were collected) and those with less than 0.5 years of follow-up after the interviews.
Assessment of Dietary and Nutrient Intakes
Detailed descriptions of dietary measurements are provided elsewhere [20] . In short, dietary intake data were collected using a 24-h dietary recall method for three consecutive days at each wave for each individual. At the beginning and end of the three days, interviewers weighed/recorded all available and wasted foods at home. These data were linked and harmonized with the dietary recall data to determine individuals' dietary intake levels. The Chinese Food Composition Table was used to analyze the food consumption data (g/day) and to determine the intake levels of nutrients. Foods and nutrients were categorized into 34 and 21 groups for further analysis, respectively. 
Covariates
At each wave, data on socio-demographic, lifestyle, physical measurements and chronic conditions were collected. Individual level income was classified into tertiles (low, middle and high) at each wave. The highest level of education achieved was categorized into low (illiterate or primary school), medium (junior middle school) and high (high middle school or higher). Residency was classified into two categories (urban and rural) based on an urbanization index which is a composite of 12 components that included population and other socioeconomic characteristics [20] . Lifestyle factors included smoking, alcohol consumption and physical activity levels (PAL). We categorized smoking status as non-smokers and current smokers/ex-smokers. Frequency of alcohol consumption was categorized as "none", "<1/week", "1-2/week", "3-4/week" and "daily". PAL, in terms of metabolic equivalent of tasks (MET-hours per week), was determined based on self-reported job and leisure time activities, intensity and duration of the activities.
Height and weight were measured based on a protocol recommended by World Health Organization (WHO). Body mass index (BMI) was calculated as weight (kg) divided by the square of height (m). Hypertension was determined based on systolic (above 140 mmHg) and/or diastolic (above 90 mmHg) blood pressure measures, or having doctor diagnosed hypertension.
Statistical Analysis
Dietary and nutrient patterns were identified across the seven waves (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) ) by factor analysis using the principal component method. Eigenvalue (>1.5), scree plot, and interpretability of 
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Dietary and nutrient patterns were identified across the seven waves (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) ) by factor analysis using the principal component method. Eigenvalue (>1.5), scree plot, and interpretability of the factors were used to determine the number of dietary and nutrient patterns. Factor loadings (the correlation between each pattern and the food and nutrient groups) were calculated. Percentages of variances (the variations that were explained by the identified dietary and nutrient patterns) were also computed. For each dietary and nutrient pattern, factor scores were assigned across all study participants. Factor scores show the relative position of the study participants in each of the identified patterns reflecting adherence to the patterns. Pattern-specific factor scores are calculated as the sum of the products of the factor loading coefficients and standardized daily consumption of food and nutrient groups related with the pattern. The factor scores were orthogonally (varimax) rotated to create less correlation among the patterns and to facilitate their interpretability.
Based on the factor scores for the dietary and nutrient patterns, four approaches were used to determine the exposure levels (measured in scores) of dietary and nutrient patterns and assess the association between the patterns and fracture risk. The first approach was to calculate the cumulative exposure level. To represent the usual relative position (factor scores or adherence to the patterns) of the study participants in the factors [21] , we calculated cumulative mean factor scores. The cumulative scores were calculated by summing factor scores and dividing by the number of waves contributing to the scores for each study participant. For example, for the second wave (1993), factor scores of the first wave (1991) were used; for the third wave (1997), an average of scores of waves one (1991) and two (1993) was used; and, for the fourth wave (2000), an average of factors of waves one, two and three (1997) was used. Correlations between cumulative scores of dietary and nutrient patterns were investigated with Spearman rank correlations.
The second approach was using the overall mean of the dietary and nutrient pattern scores. The overall mean was calculated by summing factor scores until the wave just prior to the fracture or censoring occurred and dividing by the number of waves contributing to the scores for each study participant. The third and fourth approaches used the recent and baseline factor scores. The participants were then allocated into tertiles (first (lowest intake); second; and third (highest intake) tertiles) based on the factor scores.
Chi-square (categorical variables), analysis of variance (ANOVA) (normally distributed continuous variables) and Kruskal-Wallis (continuous but not normally distributed) tests were used where appropriate to compare the differences in proportions, means and medians of the groups at baseline. Time to the incident event was determined as the time from enrolment to the first occurrence of incident fracture. Follow-up was censored at the date of the outcome event, end of follow-up, date of outmigration, or date of death whichever came first.
We calculated the incidence rate (per 1000 person-years) of fractures by tertiles of dietary and nutrient patterns and the log-rank test was used to investigate the differences. Nelson-Aalen cumulative hazard estimates were calculated by tertiles of the patterns across the follow-up time.
To assess the associations of dietary and nutrient patterns with incident fractures, hazard ratios (HRs) for fractures and tertiles of the cumulative and overall mean, recent, and baseline factor scores were determined using Cox proportional hazard regression models. The first tertile was used as reference category. Three models were used to determine HRs: Model 1 adjusted for age, sex and daily energy intake; Model 2 additionally adjusted for education status, income, alcohol intake, residency and PAL; and Model 3 was further adjusted for BMI and hypertension. Using Model 3, we also conducted stratified analyses using age group (age < 50 and ≥ 50) and sex to explore and compare the associations in the respective groups. We tested interactions between dietary and nutrient patterns, other covariates and fracture risks using multiplicative terms in the last model (Model 3). The assumption of proportionality was tested by including time-dependant covariates in the final models and was valid for all analyses. To assess the quality of models (Model 3), we determined Akaike's information criterion (AIC). We estimated the absolute risk differences for fractures between the third and first tertiles and the number of individuals needed to get one fracture case as a consequence of being in the third tertiles of dietary and nutrient patterns. Participants were also jointly classified across tertiles of dietary and nutrient patterns and used in the Cox regression (Model 3). Statistical analyses were performed using Stata version 14 (Stata Corporation, College Station, TX, USA). All p values are two-sided.
Results
Baseline Characteristics
Baseline characteristics of the study participants are shown in Table 1 . The study participants were followed for 20.2 years (median follow-up time = 8.9 years), which equates to a total of 162,416.3 person-years. Figure 2 depicts the identified dietary and nutrient patterns and factor loadings of food groups. Two dietary patterns were identified. Whereas the first pattern (traditional) was characterized by high intake of rice, pork, fish, poultry, dry tofu, beef, fresh vegetables and offal, the second pattern (modern) was characterized by high intake of fruits, milk, cake, fast foods, eggs, soy milk and deep fried products. The two patterns explained 11.9% of variance. Two nutrient patterns (plant-and animal-sourced) were determined. The two nutrient patterns explained 59.1% of nutrient intake variance. The correlations between the traditional dietary pattern and the plant-and animal-sourced nutrient pattern cumulative scores were −0.051 and 0.127, respectively; and between the modern dietary pattern and plant-and animal-sourced nutrient patterns were −0.306 and 0.462, respectively (p ≤ 0.0001) (Table S1 ). Figure 2 . Factor loadings of food groups and nutrients to dietary and nutrient patterns (the color gradation reflects how big and in which direction was the correlation between the food groups and nutrients, and the patterns. Deep green color refers to a relatively higher correlation (higher intake) of the food groups and nutrients with the dietary and nutrient patterns, respectively. Deep red color refers to a relatively lower correlation (a lower intake) of the food groups and nutrients with the patterns). Consumption patterns of selected food and nutrient groups across the tertiles of dietary and nutrient patterns are also shown in Table 2 . Overall, the consumption of milk was very low (5.8 mL/day). There was a significant reduction of calcium, fiber and vitamin C intake across the tertiles of animal-sourced nutrient patterns (p < 0.001).
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Dietary and Nutrient Patterns and Fracture Rate
During the follow-up, there were 649 incident cases of fractures (males = 311 and females = 338). The rate of fracture was 4.0 (95% CI: 3.7-4.3) per 1000 person-years (Table 3) . While males (3.8 per 1000 person-years) below 50 years of age had a higher fracture rate compared to their female (2.9 per 1000 person-years) counterparts, the reverse (2.8 (males) vs. 6.4 (females) per 1000 person-years) was found for those 50 years and over (Table S2 ). Nelson-Aalen cumulative hazard estimates by tertiles of dietary and nutrient patterns are depicted in Figures S1 and S2 .
After adjusting for potential confounders (socio-demographic, lifestyle and chronic conditions), participants in the third tertile of modern dietary pattern scores (cumulative mean) had a 34% increased fracture risk (HR = 1.34; 95% CI: 1.06-1.71) compared to those in the first tertile ( Table 4 ). The absolute risk increase was 0.30% (95% CI: 0.06-0.54) and a number needed to have one fracture case was 339 (95% CI: 188-1785). Participants in the second (HR = 1.29; 95% CI: 1.04-1.60) and third tertiles (HR = 1.37; 95% CI: 1.08-1.72) of animal-sourced nutrient pattern cumulative scores had a higher risk of fracture compared to those in the first tertile with an absolute risk increase of 0.31% (95% CI: 0.08-0.55) and a number needed to have one case of fracture of 321 (95% CI: 184-1285).
In joint classification of study participants according to adherence to different dietary and nutrient patterns, the risk of fracture was higher with higher adherence to the modern pattern in each stratum of traditional dietary and animal-sourced nutrient patterns. We found a 32% (95% CI: 52-1%) reduction of fracture rate for those who had simultaneous category of lowest adherence to plant-and animal-sourced nutrient patterns (Figures S3-S5) .
The estimates of association between tertiles of overall mean factor scores and fracture provided a similar pattern to the cumulative factor scores of dietary and nutrient patterns. However, there was no association between the recent and baseline factor scores of dietary and nutrient patterns and fracture (Table 4 ). There were no interactions between the dietary/nutrient patterns, other covariates and fracture risk (data not shown). Stratified analyses by age and sex are provided in Table S3 . CI, confidence interval; T1, tertile 1 (lowest intake); T2, tertile 2; T3, tertile 3 (highest intake). * p < 0.05; ** p <0.001. AIC, Akaike's information criterion. T1, tertile 1 (lowest intake); T2, tertile 2; T3, tertile 3 (highest intake). Model 1: Adjusted for sex, age (continuous) and energy intake (continuous). Model 2: Additionally adjusted for educational status (low, medium and high), income (low, medium and high), alcohol consumption (none, <1, 1-2, 3-4 per week and daily), smoking (non-smoker and current/ex-smoker), residency (rural and urban) and physical activity level (metabolic equivalent task-hours/week, continuous). Model 3: Additionally adjusted for body-mass index (continuous) and high blood pressure (yes/no). p for trend was obtained by adjusting the tertiles of the pattern scores as a continuous variable.
Discussion
Two dietary (traditional and modern) and two nutrient (plant-and animal-sourced) patterns were identified using the CHNS data. In this analysis, with up to 20 years of follow-up, we found that a greater adherence to a modern dietary (characterized by high intake of fruits, milk, cake, fast foods, eggs, soy milk and deep fried products) and/or animal-sourced nutrient patterns (high intake of protein, fat, vitamins A, B2 and E, and low intake of potassium, calcium, magnesium and vitamin C) was prospectively associated with increased fracture risks among adults. In this study, we demonstrated that, compared to a single three-day 24-h dietary assessment method (at baseline or recent), a repeated three-day 24-h dietary assessment provided a stronger estimate of the association with fracture risk as it reflected usual food intake more closely. This highlights the problem of using a baseline or a recent dietary exposure to estimate the association between diet and fracture in cohort studies which could provide a biased estimate leading to a wrong conclusion.
Comparison with Other Studies
Studies among men and women in the United States of America (USA) and Sweden found a lower risk of hip fractures among those who had higher adherence to a Mediterranean diet [4, 22] . Studies have also shown the benefit of vegetables, legumes and whole grains as part of a healthy dietary pattern in maintaining bone mass and preventing osteoporotic fractures [4, 11, 13] . Thus, a low intake of vegetables, legumes and whole grains could explain the positive association between the modern pattern and fracture in our study. In studies among Chinese populations, it has also been found that favorable dietary patterns (high intake of fruit, vegetable, nuts, soy and seafood) were inversely associated with hip fractures [3, 5] . It is of note however that the intake of milk in our study was highly correlated with the modern dietary pattern, although milk is largely considered to be an essential part of a favorable dietary pattern for bone health in many studies [23, 24] . However, the overall milk consumption among the study participants in the current study was very low (5.8 mL/day) which may contribute to the findings.
Potential Mechanisms
The increased risk of fracture associated with higher adherence to modern dietary pattern could be explained by the direct effect of food groups on bone mass and/or indirect influence on skeletal muscle. Previous studies have shown inverse association between modern and processed dietary patterns with bone mass [25, 26] , which consequently lead to a higher risk of osteoporotic fractures. These dietary patterns are mainly loaded with a high intake of suboptimal diets, such as energy-dense or nutrient-poor foods [27, 28] , which have been associated with reduced bone mass. On the other hand, risk factors for fractures are multifaceted and might not necessarily be associated with low bone mass [29] .
Because of the fact that fractures could be related with falls as a result of a lower muscle mass/strength [15] , diets could have also indirect effect on fracture risk through their impact on muscle. For instance, a "western" type of dietary pattern (characterized by high intake of red meats, potato, gravy and butter) was negatively associated with muscle strength [30] . Similarly, a higher risk of fall-related fractures was reported among elderly Japanese who had a higher adherence to a "meat" based dietary pattern [31] . On the other hand, a higher adherence to Mediterranean diet was associated with a lower risk of frailty [32] .
The effect of dietary patterns on body acid-base balance [33] and inflammation [34] could be another possible indirect pathway through which dietary patterns affect bone mass, and eventually fracture risk. In people with a low intake of calcium, a higher dietary acid load was associated with lower bone mineral density [35] . A higher net endogenous acid production would result in decreased extracellular pH, creating an acidic environment. This phenomenon could facilitate the release of calcium from bone matrix in order to buffer the higher acid levels. In addition, it might also increase osteoclast and decrease osteoblast activities (i.e., facilitated bone resorption), eventually resulting in increased calcium excretion [36] and reduced bone mass [37] . However, the epidemiological evidence remains inconclusive, pending further investigation [38] . In recent studies, pro-inflammatory diets were associated with a lower bone mineral density [39] and an increased risk of hip fractures in women [34] . In addition to non-nutritive substances in dietary patterns, the combination of nutrients may take a major role on fracture risks directly through affecting bone mass or indirectly through increasing body acid and/or inflammation.
In the current study, we found that a higher adherence to an animal-sourced nutrient pattern was associated with a higher risk of fractures. The factor scores of this nutrient pattern were also positively and moderately correlated with the scores of the modern dietary pattern. A nutrient pattern characterized by a high intake of calcium, phosphorous, vitamin B12, proteins and saturated fats was related with a lower risk of wrist and hip fracture among French older people (aged 65 and over) [14] . The difference in calcium, phosphorous, protein and fat content of nutrient patterns associated with the fracture risk in this and our current studies could be explained by the general difference in population groups, such as, age, eating habit and race. Protein (93.5 g/day) and fat (51.9 g/day) intake was found to be higher among study participants in the third tertile of the animal-sourced nutrient pattern compared to those in the first tertile in the current study. Although the evidence on the effect of high protein intake on bone mass is inconsistent [40] [41] [42] , it is believed that higher protein intake can lead to calciuria [43] , causing bone resorption. In addition, a low-fat diet was associated with reduced risk of multiple falls among postmenopausal women [13] .
Inflammation of the body can also increase bone resorption and decrease bone formation through various pathways [44] making the bone more susceptible to low-trauma fracture. A study among Australian men found that animal-sourced nutrient pattern was associated with enhanced inflammatory markers [45] . In another prospective cohort study in the USA, increased inflammatory markers were positively associated with incident fracture risks among older men and women [46] , further supporting the fact that the pro-inflammatory effect of the animal-sourced nutrient pattern in the current study may explain the positive association with fracture risks. In line with our study, a higher adherence to an inflammatory diet (mainly containing high animal-sourced nutrients) was associated with an increased risk of hip fracture in younger women (less than 63 years) [34] . This suggests that clinical and public health interventions and strategies should consider dietary approaches in prevention of fractures among high risk adults.
Interactions between dietary and nutrient patterns and other covariates in predicting fracture risk were not found. Stratified analyses by sex and age, however, gave a slightly different result. Modern dietary and animal-sourced patterns were significantly associated with fracture risks in males, but not in females (although the association remained in the same direction). In females, a higher adherence to a plant-sourced nutrient pattern was significantly associated with an increased risk of fractures. Although the direction of association remained the same in those aged less than 50 years, the association between the modern dietary pattern and fracture risk was significant only in those aged 50 years or over. The difference in the associations may be attributable to differences in body physiology (including bone physiology), hormonal changes, change in dietary habit and/or a low number of fracture cases in the stratified analyses. In addition, causes (low-energy vs. high-energy injury) of fractures might be different in different age categories and sexes. In this regard, our study showed that the risk of fracture was higher in males than females at a younger age while the vice versa was found for the older age bracket. This may indicate that most of the fractures in young males could be due to high-energy traumas. Further research is warranted in this regard. An animal-sourced nutrient pattern remained significantly associated with fracture risks in both age brackets (<50 and ≥50 years and over).
Dietary Exposure Measurement
Our study also demonstrates that the identification of dietary risks of a disease outcome (in this case fracture) using a repeated 24-h dietary recall method is likely to provide a stronger estimate of an association compared to a baseline or recent dietary exposure. Dietary data collected using a repeated three-day 24-h recall method give a better picture of the usual food intake compared to a baseline or a recent dietary exposure using a single three-day 24-dietary assessment method, which eventually provides a stronger association estimate for a disease outcome [47] . In our study, use of recent or baseline dietary that rely on static eating behaviors exposure underestimated the associations. This is supported by a previous study which used multiple dietary measurements during a follow-up period to assess the effect of dietary fat on coronary heart disease. It was found that this approach provided a better estimate compared to baseline or recent dietary exposures [21] .
It is important to note the following limitations of this study when interpreting the findings. First, data on fractures were self-reported. The dates of the fractures were determined based on participants' recall of ages at which the fractures occurred, which may be impacted by a recall bias. In addition, the dates of fractures might not be accurate. However, this approach has previously been found to be a feasible alternative to hospital and X-ray records in determining relative fracture incidence across population subgroups, particularly for recent fractures, in a large cohort study [19] . Secondly, since fractures were not segregated into low-and high-energy injuries, it was not possible to determine the specific low-energy trauma fracture cases potentially due to a reduced bone mass. However, a study reported that most fracture cases (58%) in China (2014) were caused by low-energy injuries (Slip, trip, or fall) [48] . Body sites of fractures were also not reported in the survey-fractures of toe, finger, sternum, and clavicle are less likely to be linked with osteoporosis [49, 50] . However, this method of fracture reporting has been used in a previous study [34] and in China the highest incidence rates of fracture occurred on tibia and fibula (0.76 fractures per 1000 people) and radius and ulna (0.63 per 1000 people) [48] . Thirdly, although we adjusted for potential confounders, residual confounding from unmeasured lifestyle variables (such as from duration of sleep [48, 51] ) is still possible. In addition, not being able to adjust for medication (such as psychoactive medications) and supplement (hormonal and dietary) use could potentially overestimate the associations. However, in China, the proportion of women using, for example, hormonal replacement therapy has previously been reported as being 2.1% [52] . Thus, the effect of this confounder may be small.
Conclusions
In summary, modern dietary and animal-sourced nutrient patterns are prospectively associated with fracture risk. This study highlights the important role of diet and nutrients in fracture risk among adults. Clinical and public health interventions that target increasing or maintaining bone mass and lowering fracture risks should take into account dietary approaches as important strategies at individual and population levels. Repeated measures of dietary exposure provide a stronger estimate in determining an association with a disease outcome. On the contrary, using a baseline or a recent exposure of dietary score to estimate the association between diet and a disease outcome in prospective studies could provide a biased estimate.
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